Abstract-CdZnTe crystals were grown by the vertical Bridgman method in closed quartz ampoules. The crystalline quality and the impurity content of these crystals were studied. Several X-ray detectors were cut out of these crystals. The resistivity, emission spectra, product, and spectroscopic characteristics of these detectors were extensively measured and compared with the characteristics of detectors obtained from CdZnTe crystals grown by the boron oxide encapsulated vertical Bridgman technique. The detectors prepared from crystals grown without boron oxide show good value, spectroscopic resolution, and higher reproducibility. The influence of growth method on impurity content and on detector response was discussed.
I. INTRODUCTION
CDZNTE crystals are largely employed for the preparation of X-and gamma ray detectors. However, in spite of the efforts, the yield of high quality material is still low due to the difficulties to obtain high purity large single crystals with a low concentration of defects such as tellurium precipitates.
In this frame, the authors have employed a variation of the Bridgman technique that employs a boron oxide layer above the molten charge to prevent material decomposition. Boron oxide has been used extensively for the growth of III-V by means of the Czochralski method. Unfortunately, CdTe crystals grown by the Czochralski method show poor crystalline quality and large boron contamination [1] , [2] . More recently, boron oxide was used to encapsulate the melt during growth of ZnTe [3] , CdTe [4] , and CdZnTe [5] , [6] Material decomposition can be reduced also by growing the crystals in closed ampoules. However, the use of boron oxide results in many advantages: i) to avoid quartz soldering procedures, particularly important in the view of a process scale up, ii) precise control of the charge composition, because there is no free volume above the molten charge, iii) no risk of explosion. Moreover, it was shown that in the case of CdZnTe, boron oxide fully encapsulates the crystal, avoiding the contact of the crystal with ampoule walls. This causes a strong reduction of the dislocation density and ensures a large single crystalline yield [5] , [6] . Finally, spectroscopic grade detectors were obtained from crystals grown with this method [7] , [8] . However, one of the drawbacks of the method is that boron contamination of about 800 ppb is unavoidable. Actually, the role of boron in the determination of the electrical properties of the CdZnTe crystals is not completely clear. Some authors suggest that boron is not electrically active [2] . More recent studies show that boron behaves like other III group elements, creating a donor level and a complex with the cadmium vacancy known as A-center [9] . Of course, also the oxygen contamination is possible. For these reasons, in order to compare the results obtained in terms of single crystal yield, purity, and detector performances, a number of CdZnTe crystals were grown by standard vertical Bridgman in quartz sealed ampoules. In this paper, the results of the growth and characterization of these crystals are reported.
II. EXPERIMENTAL METHODS
The CZT crystals were grown by boron oxide vertical Bridgman and standard vertical Bridgman. In both the cases the CZT polycrystalline charge was prepared by direct synthesis of the 7N-purity elements. After that, the charge was thermal treated in inert gas at 870 C [10] . This procedure is important in order to obtain a polycrystalline charge with a reproducible composition, in spite of the unavoidable weighing errors. The polycrystalline charge was placed in an uncoated quartz ampoule. The crystals were doped with indium in order to obtain high resistivity. Thermal decomposition of the melt was prevented by boron oxide encapsulation or by ampoule sealing. In the first case the furnace was pressurized at 5 atm with inert gas (5N purity), while in the second case at 2 atm (6N purity). As summarized in Table I , other growth parameters were the same in the two cases: the thermal gradient at the interface was 10 C/cm, the growth rate 1 mm/h. After the growth, the crystals were cooled at 30 C/h. The tellurium inclusion concentration was determined by infrared optical microscopy, using a set up recently developed in our labs [11] .
Several detectors were obtained cutting the crystals with a wire saw into samples with dimensions of about 7 7 2 mm . Few thicker samples (5 mm) were also prepared. The detectors were obtained from single grains of the crystals, avoiding the first to freeze part and the tail, thus with the growth fraction ranging from 0.2 to 0.8. We did not observe a systematic changing of the detector properties along the crystal axis. Polishing was achieved with a mechanical process based on diamond pastes, down to 0.1 m mesh. Contacts were prepared on the two opposite surfaces mainly using gold electroless deposition. The planar contacts occupied the whole sample surface.
Resistivity was determined by the slope of the current-voltage characteristics at low voltages, as suggested in [12] . Photoluminescence (PL) measurements were carried out at 6K using a Fourier Transformer interferometer in the spectral range 0.7-1.8 eV using two different photodiodes: a silicon photodiode and an InGaAs photodiode.
The detector characteristics were determined by irradiating the samples with non-collimated nuclear sources. The measurement of the mobility-lifetime product was carried out in order to characterize the charge transport properties. We have irradiated the detector, using the 22 keV line of a Cd source, from the cathode side and recorded the energy spectra at different bias voltage. The charge collection efficiency at 22 keV as a function of the bias voltage were plotted and fitted with the simplified Hecht relation.
III. RESULTS AND DISCUSSION
As in the case of crystals grown with the boron oxide encapsulant, CZT crystals grown by the vertical Bridgman present large single grains: an example is given in Fig. 1 . It should be underlined that it is possible to avoid any sticking to the uncoated quartz crucible, by means of a strict control of the charge processing with the aim to avoid oxide formation. This was done by careful degassing the ampoules and the charge in high vacuum. In Table II the impurity content of crystals grown with and without the boron encapsulant is compared. For Glow Discharge Mass Spectroscopy (GDMS) measurements, the samples were taken from a part of the ingot corresponding to a growth fraction ranging from 0.2 to 0.3.
The first evidence is that boron contamination is directly related to the use of boron oxide encapsulation. Also the oxygen content is lower in samples grown without boron oxide, suggesting that at least part of oxygen contamination can derive from the encapsulant. On the other side, crystals grown in sealed ampoules show a higher concentration of impurities such as Li and Na. These impurities are known to diffuse from quartz ampoules. Being the quartz employed in the growth experiments always of the same quality, we argue that boron oxide (that actually fully surrounds the molten charge) plays a role to reduce the contamination by these impurities. However, it is not clear if boron oxide getters Na and Li or simply blocks the diffusion from quartz. A lower concentration of iron is observed in the crystals grown without boron oxide. The origin of the contamination of iron in our crystals is not clear yet. Actually, it was recently shown that impurities like iron or copper could efficiently diffuse through quartz at high temperature [13] .
The inclusion density as a function of their diameter is shown in Fig. 2 . The inclusion distribution is peaked at about 2 microns, but a number of inclusions with diameter larger then 5 microns is still present. The total molar density of the second phase is 50.008 %. Fig. 3 shows the typical current-voltage characteristics of a planar detector based on our vertical Bridgman grown CZT crystals. At low voltages, the characteristic is linear and, as shown in [12] , mainly represents the material resistance. Thus, from this part of the curve, taking into account geometrical factors, it is possible to derive the material resistivity. In the case of the sample shown in Fig. 3 , a value of xcm is derived: this value is typical for our crystals. At higher voltages the influence of the blocking contacts is evident [14] . It is still debated in the literature if ohmic or blocking contacts give best results in terms of detector response, however injecting characteristics must be in any case avoided.
The PL spectra can be divided into three main regions. At high energy several exciton lines can be distinguished: in particular the (D -X) and the (A -X) lines dominate the spectrum. Although the (A -X) line in our samples usually shows a larger intensity, the presence of both lines with high intensity inhibits a clear determination of the sample conduction (n-type or p-type). A large band is present, centered at 1.46 eV, clearly related to the A-center. The phonon replicas are not visible due to alloy disorder [15] . Similar features were also reported for samples grown with the boron oxide encapsulant [9] . At lower energy, a large band is present, centered at 1.07 eV. This band is sometimes attributed to tellurium vacancies [16] , [17] . Also iron, that is actually present in our crystals in low concentration, was reported to produce an emission band in this region [18] , [19] .
We also would like to underline the absence of emission bands at lower energies (in the range 0.7-0.9 eV). The spectroscopic response of the detectors obtained irradiating with non-collimated nuclear sources is shown in Fig. 5 . From these spectra it is possible to measure the spectral resolution at some energies: 18.9% @ 22 keV, 6% @ 60 keV, 4.9% at 88 keV, 3.2% at 122 keV. Even better energy resolutions were found for detectors obtained by boron oxide encapsulated crystals [8] , [20] operating in planar transverse field (PTF) geometry, i.e., irradiating the detector perpendicularly with respect to the electric field, while the resolutions obtained irradiating the detectors directly through the contacts (planar parallel field geometry, PPF) were not so good, probably due to poor hole signal contribution [20] . On the contrary, detectors obtained from crystals grown without boron oxide show good response in both the irradiating configurations.
The 22 keV line of the Cd source was also used to measure the value of for electrons, fitting the Hecht equation (see for example Fig. 6 ). The typical values in the crystals grown without boron oxide are in the range cm V , while in the case of crystals grown with the encapsulant we always got values lower then cm V [8] , [20] . Moreover, it should be underlined that in the case of crystals grown without boron oxide we got a much higher reproducibility in obtaining high values and detectors with spectroscopic characteristics.
The main results of the characterization of the CdZnTe crystals grown with and without boron oxide are summarized in Table III . First of all, we should stress that both growth configurations permit to obtain crystals with large single grains. Moreover, in spite of the different background impurity content, in both the cases by In doping high resistivity is achieved.
Boron oxide contaminates the charge with both boron and oxygen, however it works as an efficient barrier for impurities diffusing from quartz, like lithium and sodium. Iron is present in both cases, but in lower concentration in crystals obtained without boron oxide. The different impurity content of the crystals has a direct impact on the transport properties of the obtained detectors. is higher for crystals grown without boron oxide, probably because of the higher content of oxygen. In fact, boron generates a donor level and a complex with the cadmium vacancy known as A-center [9] . Also, we observe that a higher concentration of lithium and sodium does not apparently worsen the detector properties. On the other side, detectors grown with boron oxide show good energy resolution when irradiated in PTF geometry.
IV. CONCLUSION
Several CZT crystal were grown by vertical Bridgman using similar growth parameters previously employed for the preparation of crystal by the boron oxide encapsulated vertical Bridgman method. High resistivity was achieved by means of indium doping. The larger lithium and sodium content of the crystals grown without boron oxide suggests that the encapsulant is a barrier for impurities diffusing from quartz.
The product and the energy resolution determined in PPF geometry is higher for crystals grown without boron oxide. On the other hand, the use of boron oxide enables an easy scale up of the growth process and produces detectors showing a better energy resolution when irradiated in PTF geometry.
